Recent evidence suggests that platelet activation and angiotensin II may each contribute to glomerular inflammation and fibrosis. Clopidogrel inhibits platelet activation and may also reduce inflammation. This study investigated the anti-inflammatory and renoprotective effects of clopidogrel and irbesartan in the five-sixths nephrectomy rat model of chronic kidney disease. After 8 wk of treatment, 24-h proteinuria, serum creatinine, and histologic scores of glomerular sclerosis and tubulointerstitial damage were significantly lower in treated compared with untreated rats. Clopidogrel/irbesartan combination therapy had greater effects than either drug alone. Rats that underwent five-sixths nephrectomy had higher markers of platelet activation (plasma GMP-140 and renal cortical fibrin deposition) than sham-operated rats, and clopidogrel attenuated these effects. Clopidogrel and irbesartan similarly reduced the accumulation of ED-1-expressing macrophages in the cortical glomeruli and the interstitium. Combination therapy almost completely abolished macrophage infiltration and attenuated the expression of monocyte chemoattractant protein-1, intercellular adhesion molecule-1, TGF-␤ 1 , and connective tissue growth factor. In conclusion, combination treatment with clopidogrel and irbesartan, more so than either alone, decreases early renal injury induced by five-sixths nephrectomy by inhibiting renal inflammation.
Diffuse glomerular sclerosis and interstitial fibrosis contribute to the progression of renal damage and constitute the final common pathway for almost all forms of kidney diseases. 1 In recent years, more attention has been focused on the inflammatory infiltration present in various types of progressive renal diseases in humans and in experimental models. The number of inflammatory cells in the renal tissue closely correlates with the severity of glomerular and tubulointerstitial lesions and loss of renal function. Inflammatory cells and activated intrinsic kidney cells can produce various cytokines, which can promote the progress of glomerular sclerosis and interstitial fibrosis, so it may be a novel therapy strategy for chronic renal disease to reduce the infiltration of inflammatory cells. 2 Mounting evidence has shown that platelet activation and angiotensin II (AngII) can promote glomerular inflammation and fibrosis and play a pivotal role in the progression of chronic kidney diseases (CKD). [3] [4] [5] Although angiotensin-converting enzyme inhibitors (ACEI) or angiotensin receptor blockers (ARB) can prevent the renal lesions through interrupting the renin-angiotensin system (RAS), ACEI or ARB alone cannot completely hamper the progression of CKD. The interruption of two or more pathogenic pathways by a combination of drugs with different mechanisms of action is likely to be more effective than the monotherapies, so it is necessary to introduce other drugs to attenuate the renal lesions.
Clopidogrel (CLO) is structurally a thienopyridine derivative and specifically inhibits ADP-dependent platelet aggregation and adhesion via inhibition of the purinergic P2Y12 receptor. 6, 7 It was reported recently that clopidogrel has a property of anti-inflammation. CLO may exert its beneficial effects by "cooling off" two important pathogenetic pathways, platelet reactivity and inflammation, both deeply involved in atherothrombotic disease 8, 9 ; however, its role in chronic renal injury and the mechanism are unknown. Thus, we hypothesized that combining CLO with irbesartan (IRB), an ARB, may be more effective in attenuating the progression of chronic renal injury through their different actions. To test this hypothesis, we used the rat model of five-sixths subtotal nephrectomy to study the effect of CLO/IRB on renal function, pathologic findings, and the expression of proinflammatory and profibrogenic genes in vivo.
RESULTS

Physiologic and Biochemical Data
Values for body weight, systolic BP (SBP), 24-h urinary protein excretion (24hUP), and serum creatinine (Scr) are shown in Table 1 . Before surgery, there were no differences among groups with respect to body weight, SBP, 24hUP, or Scr. Body weight increased in all of the groups throughout the study, but the groups with five-sixths nephrectomy showed less body weight and significantly higher SBP, 24hUP, and Scr versus the sham group after 4 and 8 wk of treatment (P Ͻ 0.05).
After 8 wk of treatment, CLO/IRB reduced 67% of the elevated urinary protein excretion as shown in NX group. The hypertension that developed in nephrectomy group was unchanged by CLO monotherapy but dropped by approximately 40 mmHg in both IRB and CLO/IRB groups. Scr was lower in the treated groups than in the nephrectomy group (P Ͻ 0.05).
Combination of CLO with IRB may have further potential to prevent renal disease progression. Elevated levels of proteinuria and Scr and increased glomerulosclerosis were lessened more in CLO/IRB group than in the IRB group or the CLO group. Furthermore, IRB had a remarkable antihypertensive effect. The therapy combining CLO with IRB dramatically attenuated proteinuria and lowered Scr.
Histopathologic Findings
At the end of 8 wk after surgery, glomerulosclerosis and tubulointerstitial damage were found in periodic acid-Schiffstained sections ( Figure 1 , Table 2 ). In nephrectomized rats, the glomerulosclerosis index (GSI) attained values almost 10-fold as high as in sham rats. Treatment with any of the monotherapies was associated with a less pronounced increment of the GSI. Combined CLO/IRB treatment arrested the progression of glomerular injury. Interstitial expansion was also a prominent component of renal injury after nephrectomy. Unlike CLO and IRB monotherapies, combined CLO/IRB treatment significantly attenuated the progression of interstitial expansion. The glomerular cross-sectional area was significantly lower in the CLO/IRB, CLO, and IRB groups than in the nephrectomy group (P Ͻ 0.05; Table 2 ).
Platelet Activation Data
The concentration of GMP-140 (CD62) in plasma is shown in Figure 2 . The level of GMP-140 in nephrectomized rats was significantly higher than in the sham group (22.84 Ϯ 1.03 versus 5.98 Ϯ 1.01 ng/ml, respectively), which was reduced by CLO and CLO/IRB (11.16 Ϯ 1.42 versus 9.43 Ϯ 1.50 ng/ml; P Ͻ 0.05). The deposit of fibrin in the renal cortex is shown in Figure 3 . Compared with the sham group, the deposit of fibrin was increased in the nephrectomy group. CLO alone or combined with IRB could attenuate the fibrin deposit (P Ͻ 0.05). The immunohistochemistry data at 8 wk are shown in Figure 4 . ED-1-expressing macrophages accumulated into the cortical glomerulus and interstitium in the nephrectomy group, which was reduced in the CLO, IRB, and CLO/IRB groups. Compared with the nephrectomy group, CLO or IRB alone comparably reduced the numbers of ED-1-expressing cells in the rat remnant kidney. The therapy combining CLO with IRB almost completely abolished the infiltration of macrophages/ lymphocytes as well as the overexpression of MCP-1 and intercellular adhesion molecule-1 (ICAM-1). In addition, CLO/IRB was found to reduce the expression of TGF-␤ 1 and connective tissue growth factor (CTGF). The results showed that CLO/IRB downregulated the mRNA and protein expression of MCP-1, ICAM-1, TGF-␤1, and CTGF in the rat remnant kidney tissue. Compared with the sham group, the mRNA and protein expression of MCP-1, ICAM-1, TGF-␤1, and CTGF was increased in the renal cortex of the nephrectomy group. In contrast with the nephrectomy group, the three treatment groups decreased the mRNA and protein expression of these molecules, and the combined therapy was more effective than the monotherapy (Figures 5  and 6 ).
DISCUSSION
This study demonstrated that CLO prevented early progression of renal injury after five-sixths nephrectomy, and combination therapy with IRB was more effective. As expected, the nephrectomy group promoted growth retardation, systemic arterial hypertension, proteinuria, and impaired renal function. These functional changes were accompanied by severe glomerulosclerosis and interstitial fibrosis, as well as expansion and intense macrophage infiltration of the interstitial area. The detection of inflammatory and profibrotic gene induction and macrophage infiltration in the remnant kidney supports the notion that inflammatory processes may contribute to the progressive renal injury and fibrosis that follows five-sixths nephrectomy. Studies have shown that the protection from progressive renal injury afforded by ARB treatment initiated early after five-sixths nephrectomy is associated with normalization of glomerular capillary hydraulic pressure, suppression of proinflammatory gene induction, and macrophage infiltration. 9, 10 These data provided support for the hypothesis that after extensive renal mass ablation, expression of ED-1, MCP-1, or ICAM-1 in high numbers of cells in the remnant kidney contributes to progressive renal injury. Although ARB was effective in preventing or attenuating upregulation of several proinflammatory genes in this model, additional interventions that specifically inhibit proinflammatory gene expression may lead to increased therapeutic options for patients with established chronic renal disease progression. In particular, the therapy combining CLO with IRB halted the renal disease progression in this animal model. Such attenuation could be in BASIC RESEARCH www.jasn.org part due to the effect of CLO/IRB against the inflammatory mononuclear cells. Moreover, we found that CLO/IRB reduced the upregulation of MCP-1 gene in the remnant kidney. Recent studies have shown that the increased MCP-1 in proximal tubular cells and interstitial mononuclear cells of the remnant kidney is downregulated after ACEI or ARB treatment. 11 The attenuation of interstitial inflammatory cell infiltration by CLO/IRB may also be due to the downregulation of MCP-1. The inhibitory effect of CLO/IRB on MCP-1 and ICAM-1 may be partially due to the decreased infiltration of monocytes/ macrophages; therefore, the first possible mechanism of preventing the renal disease progression may be due to the effect of CLO on attenuating inflammation through reducing the overexpression of MCP-1 and ICAM-1 in the remnant kidney.
Platelet activation is involved in the pathogenesis of chronic renal injury. Intrarenal platelet activation is an important component that contributes to glomerular sclerosis and interstitial fibrosis. There is increasing evidence of platelet activation in the five-sixths nephrectomy rat model. 12 Platelet activation also plays an important role in thrombosis and arteriosclerosis. 8, 13, 14 Some studies showed that platelet activation is closely related to inflammation, and platelet activation can induce or increase inflammation in vivo. 3, [15] [16] [17] [18] Inhibition of the platelet activation contributes to the repression of the inflammation. CLO can inhibit the platelet activation by inhibition of the P2Y12 receptor. A recent study 8 showed that the inhibition of P2Y12 receptor can attenuate inflammation. CLO can reduce inflammation that underlies the chronic process of atherosclerosis by reducing platelet-dependent upregulation of inflammatory and proatherothrombotic functions in leukocytes. 19 Our study demonstrated that CLO can inhibit the expression of GMP-140 and decrease the deposit of fibrin in the remnant kidney. In the five-sixths nephrectomy rat model, CLO prevented the progression of renal lesions, which may be due to the inhibitory effect of CLO on platelet activation and inflammation. GMP-140 (CD62), a specific marker of platelet activation, is a member of the selectin family, presenting in the ␣ granular membrane of the platelet. Once platelet activation has occurred, GMP-140 translocates to the surface of activated platelets or releases into plasma. GMP-140 participates in adhesion of neutrophils to activated endothelium in a Ca 2ϩ -de- pendent manner and increases the expression of tissue factor by monocyte. 20, 21 CLO slows the progression of chronic renal injury at least partly through inhibition of platelet activation and inflammation, which is the second possible mechanism of renal protection in our study. Although there is a wide range in the dosage of CLO used in different rat models (ranging from 1 to 50 mg/kg), 22 ,23 the dosage of 20 mg/kg per d was widely used in rats models with exact effect and without apparent adverse effect. 24 -26 At the same time, the dosage of CLO in clinical practice is 75 mg/d (1.25 mg/kg per d), so we chose 20 mg/kg per d as the observed dosage, which is 16 times the dosage in human. In addition, although there is a possibility of liver injury during administration of CLO in elderly patients, the serum transaminase level remained normal in our experiments (data not shown), showing that the dosage of 20 mg/kg per d was safe.
A variety of cytokines, including TGF-␤ 1 and CTGF, are important for renal cell proliferation and extracellular matrix production. [27] [28] [29] In this study, we found that CLO could downregulate the gene expression of these growth factors in the remnant kidney, indicating that CLO may prevent the progressive renal fibrosis by reducing the upregulation of these growth factors and collagen genes in the remnant kidney, which may be the third possible mechanism for its renoprotective effect.
Our results demonstrated that CLO is effective in preventing early progression of renal injury after five-sixths nephrectomy, the mechanism of which is associated with inhibition of inflammation through inhibiting platelet activation, infiltration of monocytes/macrophages, and expression of inflammatory mediators and growth factors, and that combination therapy was more effective in attenuating the early renal injury.
CONCISE METHODS
Animals and Surgery
Sixty male Wistar rats (mean body weight 280 to 300 g) were purchased from the Chinese Academy of Medical Sciences Experimental Animal Center. Animal experiments were performed in accordance with the regulations for the care and use of laboratory animals and were approved by the local authorities. All rats were housed in a constant-temperature room with a consistent light cycle (light from 7:00 a.m. to 7:00 p.m.) and fed a standard rat diet (protein 23.4%). On the day of the operation, all rats were anesthetized with sodium pentobarbital (50 mg/kg, intraperitoneally). Renal mass reduction (n ϭ 48) was obtained by ablation of two-thirds mass of the left kidney and subsequent right unilateral nephrectomy 1 wk later. Sham operation (n ϭ 12) was performed by a laparotomy and manipulation of renal pedicle without any removal of renal mass.
Experimental Design
One week after five-sixths nephrectomy, 48 rats survived and were randomly allocated into four groups: Nephrectomy group, given distilled water (vehicle) by gavage for 4 or 8 wk; CLO group, given CLO (Sanofi, France) by gavage in aqueous solution at the daily dosage of 20 mg/kg for 4 or 8 wk; IRB group, given irbesartan (Sanofi, Hang BASIC RESEARCH www.jasn.org Zhou, China) by gavage in aqueous solution at the daily dosage of 20 mg/kg for 4 or 8 wk; and CLO/IRB group, given simultaneous CLO and IRB treatments, receiving a constant dosage the same as the CLO group or the IRB group for 4 or 8 wk. Body weight and SBP (by tail-cuff method) were measured at regular intervals. Twenty-fourhour urine samples were collected in metabolic cages on day 0 (before administration) and weeks 4 and 8 after administration. Blood samples were collected 8 wk after administration and divided into two parts for assessing creatinine and GMP-140. Rats from each group were killed at weeks 4 and 8. The fragments of remnant kidneys were taken from the center areas and divided into two parts. One part was fixed in 10% neutral buffered formalin for pathologic examination, and the other was dissected to isolate the cortex, which was quickly frozen in liquid nitrogen and stored at Ϫ70°C for total RNA and protein extraction.
Assessment of Renal Function
Creatinine levels in serum and urine were measured using the alkaline picrate method. Protein concentration of urine was determined by Coomassie brilliant blue G dye-binding assay, with BSA as the standard.
Pathologic Examinations
The mean glomerular cross-sectional area was determined in 50 glomerular sections for each rat. GSI was assessed in 50 glomeruli per rat. 30 The extent of glomerular sclerosis (GS) was graded from 0 to 4 by a semiquantitative score: 0, normal; 1, mesangial expansion/sclerosis involving Ͻ25% of the tuft; 2, moderate GS (25 to 50%); 3, severe GS (50 to 75%); and 4, diffuse GS involving Ͼ75% of the glomerular tuft. GSI for each rat was calculated as a mean value of all glomerular scores obtained.
Tubulointerstitial lesion indexes were determined using a semiquantitative scoring system. 30 Ten fields per kidney were examined, and lesions were graded from 0 to 3 (0, no changes; 1, changes affecting Ͻ25% of the section; 2, changes affecting 25 to 50% of the section; and 3, changes affecting 50 to 100% of the section), according to the area with tubulointerstitial lesions (tubular atrophy, casts, interstitial inflammation, and fibrosis). The score index in each rat was expressed as a mean value of all scores obtained.
Platelet Activation Study
The expression of GMP-140 in the plasma was determined with ELISA kit (Su Zhou Medical College, Su Zhou, China) according to the instruction. The primary antibody was monoclonal anti-GMP-140. The end compounds reacted with OPD reagent. The deposit of fibrin in the renal cortex was assessed by direct immunofluorescence. Frozen sections (4 m) were incubated with polyclonal rabbit anti-rat fibrin antibody labeled with dihydroxyfluorane at 4°C overnight, then washed with PBS three times. After mounting with glycerol, the fluorescence density was determined with laser confocal microscopy.
Renal Immunohistochemical Study
Immunohistochemical detection for ED-1, MCP-1, ICAM-1, TGF-␤ 1 , and CTGF was performed according to the SP kit method (Maixin Biotechnology Co. Ltd., Fu Zhou, China). The primary antibodies were mouse monoclonal anti-rat ED-1; polyclonal goat anti-rat MCP-1, ICAM-1, and CTGF antibodies (1:100; Santa Cruz Biotechnology, Santa Cruz, CA); and rabbit polyclonal antibody TGF-␤1 (1:100; Santa Cruz Biotechnology) antibody. The end compounds reacted with AEC reagent.
Northern Blot Analysis
Total RNA (30 g) was subjected to electrophoresis and transferred to a nylon membrane. After fixation, membranes were prehybridized for 2 h and then hybridized with 32 P-labeled cDNA clones for 16 h.
Western Blot Analysis
Frozen kidney tissue was homogenized. Protein (approximately 60 to 100 g) was subjected to electrophoresis. Membranes were incubated with goat polyclonal anti-MCP-1, goat polyclonal anti-ICAM-1, goat polyclonal anti-CTGF, and rabbit polyclonal anti-TGF-␤ 1 (all 1:200; Santa Cruz Biotechnology). After washing with TBST, blots were developed with enhanced chemiluminescence reagents (Santa Cruz Biotechnology).
Statistical Analysis
Results are presented as means Ϯ SD and analyzed by ANOVA using SAS/Windows. The difference was considered as statistically significant at P Ͻ 0.05.
